ABSTRACT. It has been speculated that populations of aspermic Fasciola flukes in Korea and Japan have a close phylogenetic relationship. To evaluate this, we analyzed 33 Korean aspermic Fasciola flukes on the basis of nuclear ribosomal internal transcribed spacer 1 (ITS1) and mitochondrial NADH dehydrogenase subunit 1 (nad1) and cytochrome c oxidase 1 (cox1) sequences. Fh, Fg, and Fh/Fg types were detected in the ITS1 region and displayed the fragment patterns of F. hepatica, F. gigantica, and both species, respectively by a polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method. Additionally, three concatenated haplotypes of nad1 and cox1(nad1/cox1) were detected, and 2 of these, Kor1/Kor1 (Fsp1/Fsp1) haplotype and Kor2a/Kor2 (Fsp2/Fsp2) haplotype, were shared by Korean and Japanese aspermic flukes. The Fst value (0.019), calculated using the concatenated sequences, indicated that Korean and Japanese aspermic Fasciola populations were genetically undifferentiated. Interestingly, a combination of the Fh/Fg type and Kor1/Kor1 haplotype was found at the highest frequency in Korean aspermic flukes, whereas the Fg type and Fsp2/ Fsp2 haplotype combination was found at a conspicuously high frequency in Japanese aspermic flukes. This indicates that a founder effect caused by the introduction of infected hosts may have played a key role in the introduction of aspermic Fasciola flukes from Korea into Japan. KEY WORDS: aspermic Fasciola fluke, cox1, ITS1, nad1.
Fasciolosis results in significant economic losses in the livestock industry of endemic areas. Fasciola hepatica, which occurs mainly in Europe, the Americas, and Oceania, and F. gigantica, which occurs mainly in Africa and Asia [20] , are well known to be causative agents of the disease. These species have been identified using morphological characteristics, such as the ratio between body length and width. The common prominent feature of the 2 species is that they have abundant mature sperm in the seminal vesicle, a male reproductive organ for temporary storage of self-produced sperm [19] .
Aspermic Fasciola species are distributed throughout Asian countries, including Japan [7, 12] , Korea [10] , China [15] , Vietnam [11] , and Myanmar [8] . Particularly in the former 2 countries, all of the Fasciola flukes analyzed were aspermic [7, 10, 12, 18] . Accurate species identification of aspermic Fasciola flukes remains uncertain, not only because they display intermediate morphological features of F. hepatica and F. gigantica but also because they possess no or only a few sperm in their seminal vesicles. It has been revealed that aspermic Fasciola flukes have a meiotic disorder affecting spermatogenesis [18] , which suggests that they are parthenogenetic.
Recently, deoxyribonucleic acid (DNA) sequences of the nuclear ribosomal internal transcribed spacer 1 (ITS1), ITS2, and 28S ribosomal RNA genes [1, 9, 12, 14] were employed to discriminate F. hepatica from F. gigantica. However, molecular analyses did not solve the problem of species identification of aspermic Fasciola sp. For instance, Fh, Fg, and Fh/Fg types were detected in the ITS1 region of aspermic Fasciola flukes and displayed the fragment patterns of F. hepatica, F. gigantica, and both species, respectively by a polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method [6] .
Furthermore, intraspecific phylogenetic relationships have been examined using mitochondrial DNA (mtDNA) markers, such as the NADH dehydrogenase subunit 1 (nad1) and cytochrome c oxidase 1 (cox1) genes [12] . Aspermic Fasciola flukes from Japan and Korea displayed the 2 major nad1 haplotypes. One belongs to an F. hepatica clade and was detected in aspermic Fasciola flukes from Japan (Fsp1) [7, 12] and Korea (Kor1) [10] , and the other belongs to an F. gigantica clade and was also detected in aspermic Fasciola flukes from Japan (Fsp2) [7, 12] and Korea (Kor2a) [10] . These phylogenetic situations indicate that the 2 lineages of aspermic Fasciola flukes are descendants of 2 common maternal lineages [10] .
We previously analyzed nucleotide sequences of the ITS1 region and the nad1 region of 12 Korean aspermic flukes using a direct sequencing method [10] . However, the number of samples was insufficient to make an inference about the genetic structure of the population, and the cox1 region of Korean aspermic flukes was not analyzed. In this study, we included a greater number of samples and also examined variation within the cox1 region and conducted phylogenetic analyses together with the results from Japanese aspermic flukes.
MATERIALS AND METHODS
Thirty-four adult aspermic Fasciola flukes were collected from the bile ducts of 5 infected cattle slaughtered in Seoul, Korea. They were confirmed as aspermic Fasciola flukes using a common staining method with hematoxylincarmine solution to check for the presence of sperm in seminal vesicles. The posterior body parts were maintained at -80°C until DNA extraction. Twelve of the 34 were analyzed in the previous study [10] , and we used preserved total DNA solutions from 11 of these flukes in this study. Total DNA was extracted from the remaining 22 flukes by using a High Pure PCR Template Preparation Kit (Roche, Mannheim, Germany) according to the manufacturer's instructions. The extracted DNA was stored at -20°C until use. In total, 33 flukes were used in this study (Table 1) . We analyzed the ITS1 and cox1 regions of the 11 flukes from our earlier study, and the ITS1, nad1, and cox1 regions of 22 additional flukes. DNA types of the ITS1 region were determined using a PCR-RFLP method, and for 4 flukes (SG4, HS1, HS17, and HS20) that were analyzed in the previous study [10] , we also employed a direct sequencing method to confirm the results. The nucleotide sequences of the nad1 and cox1 regions were determined using a direct sequencing method. DNA fragments of the 3 regions were amplified by polymerase chain reaction (PCR), using ITS1-F (5′-TTGCGCTGATTACGTCCCTG-3′) and ITS1-R (5′-TTGGCTGCGCTCTTCATCGAC-3′) primers for the 
* Greater than signs mean one peak higher than the other. ** Results from the previous study analyzed by a direct sequencing method [10] . NA: Not analyzed.
ITS1 region including partial 18S and 5.8S ribosomal RNA genes, Ita 10 (5′-AAGGATGTTGCTTTGTCGTGG-3′) and Ita 2 (5′-GGAGTACGGTTACATTCACA-3′) primers for the partial nad1 gene, and Ita 8 (5′-ACGTTGGATCATAAGC-GTGT-3′) and Ita 9 (5′-CCTCATCCAACATAACCTCT-3′) primers for the partial cox1 gene [12] . PCRs were performed in 25 µL reaction volumes containing 2 µL of DNA template, 0.2 mM of each dNTP, 0.1 µM of each primer, 1.25 U of GoTaq DNA polymerase (Promega, Madison, WI, U.S.A.), and 5 µL of the manufacturer-supplied reaction buffer. The thermal program was 94°C for 90 sec, 30 cycles of 94°C for 90 sec, 55°C for 90 sec, and 72°C for 2 min, and 72°C for 10 min. A PCR-RFLP method [6] was used for the ITS1 region with slight modification. The reaction volume of 10 µL contained 5 µL of PCR amplicons, 1 U of the restriction enzyme RsaI, and 1 µL of the manufacturer-supplied reaction buffer (Roche, Mannheim, Germany). After incubation at 37°C for 3 hr and heat inactivation of RsaI at 65°C for 15 min, ITS1 types were distinguished by fragment patterns detected on agarose gels. After purification using a High Pure PCR Cleanup Micro Kit (Roche, Mannheim, Germany), PCR amplicons of the 3 regions were directly sequenced using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, U.S.A.). An additional forward primer, Ichi 1 (5′-AGGTGTTGGGTTATATGCA-3′), and the reverse primer Ita 2 were used for the partial nad1 gene. Primers used for the other regions were the same as those used for the PCR reactions. The resultant sequencing ladders were determined using a 3500 Genetic Analyzer (Applied Biosystems, Foster City, CA, U.S.A.). The cox1 regions of the 26 Japanese aspermic Fasciola flukes that were analyzed in the previous study [7] were directly sequenced. Together with the previous studies [7, 12] , ITS1, nad1, and cox1 sequences are available for a total of 60 Japanese aspermic Fasciola flukes ( Table 2) .
The nad1 and cox1 sequences were aligned using GE-NETYX ver. 10. 0. 2 (Genetyx, Tokyo, Japan), and different haplotypes were distinguished. Neighbor-joining (NJ) phylograms were constructed using PAUP 4.0b10 [17] for the sequences of both the nad1 and cox1 haplotypes including the reference sequences. GenBank accession numbers were shown in the resultant trees. For the both regions, bootstrap analyses were conducted using 1000 replicates, and the sequence of Paragonimus westermani was used as an outgroup. Additionally, haplotype networks of Korean and Japanese aspermic populations were manually illustrated on the basis of the concatenated sequences of the nad1 and cox1 haplotypes from the 33 Korean aspermic flukes and the 60 Japanese aspermic flukes. The degree of gene flow between Korean and Japanese aspermic Fasciola populations was estimated using the pairwise fixation index (Fst) calculated by Arlequin 3.5 [5] . We used the same data set as the network analysis. Fst values approaching 1 indicate extreme genetic differentiation between populations.
RESULTS
When using the PCR-RFLP method, 5, 2, and 26 Korean aspermic flukes displayed the Fh, Fg, and Fh/Fg types of ITS1, respectively (Fig. 1, Table 1 ). According to both the PCR-RFLP and direct sequencing results, 4 flukes, SG4, HS1, HS17, and HS20, displayed the Fh/Fg type, despite being reported as having the Fh type in the previous sequencing study [10] . Using the direct sequencing method, we identified the Fh/Fg type from double nucleotide peaks of the 6 variable loci in the ITS1 region [12] . In the present sequencing analysis of the 4 flukes, one peak was markedly lower than the other in the 6 variable loci, thus, the lower peaks were most likely misread in the previous study ( Table 1) .
The partial nad1 sequences (535 bp) of the 22 Korean flukes showed 46 substitution sites and yielded the same 3 haplotypes as previously reported, including Kor1 (GenBank accession no. AB211239), Kor2a (AB211240), and Kor2b (AB211241) [10] . Kor2a and Kor2b differ only at a single nucleotide position. Kor1 belonged to a clade of F. hepatica, and Kor2a and Kor2b belonged to a clade of F. gigantica (Fig.2A) . The nucleotide sequence of Kor1 was identical to those of aspermic Fasciola flukes from Japan (Fsp1) (AB207169) and China (Fh-C4) (AB477363). The nucleotide sequence of Kor2a was identical to those of aspermic Fasciola flukes from Japan (Fsp2) (AB207168), China (Fg-C2) (AB477366), and Vietnam (NDI-Fg5) (AB385619). The nucleotide sequence of Kor2b was identical to that of aspermic Fasciola flukes from China (Fg-C3) (AB477367). Out of the 33 Korean flukes, 12, Total 60 *Cited from Itagaki et al. [12] . ** Cited from Ichikawa et al. [7] , and the cox1 region of the 26 flukes was analyzed in this study.
15, and 6 flukes showed the 3 haplotypes of Kor1, Kor2a, and Kor2b, respectively ( Table 1) . The partial cox1 sequences (438 bp) of the 33 Korean flukes showed 41 substitution sites and yielded 2 haplotypes, Kor1 (AB672661) which belonged to a clade of F. hepatica and Kor2 (AB672662) which belonged to a clade of F. gigantica (Fig. 2B) . The nucleotide sequence of Kor1 was identical to that of aspermic Fasciola flukes from Japan (Fsp1) (AB207182), and the nucleotide sequence of Kor2 was identical to that of aspermic Fasciola flukes from Japan (Fsp2) (AB207183) and Vietnam (COI-Fg4) (AB385623). Twelve and 21 flukes showed the 2 haplotypes of Kor1 and Kor2, respectively (Table 1 ). In the cox1 region of 26 Japanese aspermic flukes, 2 and 24 flukes showed the Fsp1 and Fsp2 haplotypes, respectively ( Table 2 ).
The combined data of ITS1 and the concatenated nad1 and cox1(nad1/cox1) haplotypes are summarized in Table 3 . The concatenated sequences of nad1 and cox1(973 bp) did not increase the number of haplotypes, and 3 concatenated haplotypes were detected. Kor1/Kor1 (Fsp1/Fsp1) haplotype and Kor2a/Kor2 (Fsp2/Fsp2) haplotype were shared by Korean and Japanese aspermic Fasciola flukes, but Kor2b/Kor2 haplotype was detected only in Korea (Fig. 3) . The Fst value between the Korean and Japanese aspermic Fasciola populations was 0.019, and the P value did not reveal a significant difference (P>0.1), thus, the 2 populations were considered as genetically undifferentiated. In Korean aspermic flukes, the combination of Fh/Fg type and Kor1/Kor1 haplotype showed the highest frequency (33.3%), followed by the Fh/ Fg type and Kor2a/Kor2 haplotype (27.3%). In contrast, in Japanese flukes, the combination of the Fg type and Fsp2/ Fsp2 haplotype showed a conspicuously high frequency (70.0%), followed by Fh type and Fsp1/Fsp1 haplotype (20.0%) ( Table 3) .
DISCUSSION
The PCR-RFLP method could be used to detect the Fh/Fg type precisely, but single nucleotide peaks of variable loci were markedly lower in the sequencing method. Thus, the PCR-RFLP method is considered to be superior to the direct sequencing method because of the short reaction time and the simple and accurate discrimination of results.
We previously revealed that Korean and Japanese aspermic Fasciola flukes have an extremely close genetic affiliation based on phylogenetic analysis of the nad1 region [7, 10, 12] . Thus, aspermic Fasciola flukes were considered to be introduced into Japan from Korea at past movement of domestic cattle. Indeed, indigenous cattle in Korea and Japan have a close genetic affiliation in mtDNA sequences [13, 16] . In this study, we have analyzed the cox1 region to increase the reliability of our phylogenetic analyses. The Fst value (0.019) based on concatenated sequences revealed that the Korean and Japanese populations are genetically undifferentiated. The concatenated Kor2b/Kor2 haplotype may be derived from Kor2a/Kor2 haplotype, a dominant haplotype in the Korean population, because they differ by only a single nucleotide substitution (Fig. 3) . The existence of Kor2b/Kor2 haplotype supports the ancestor and descendant relationship, because an ancestral population usually exhibits greater mtDNA diversity than a descendant population [2, 3, 21] .
Although Kor1/Kor1 (Fsp1/Fsp1) haplotype and Kor2a/ Kor2 (Fsp2/Fsp2) haplotype were shared by the Korean and Japanese populations, the frequencies of the Fh/Fg type appeared to be higher in the Korean population than in the Japanese population (Table 3 ). This might be the result of a founder effect caused by the limited introduction of infected hosts. As mtDNA sequences indicate that a similar founder effect occurred in indigenous cattle from both countries, it is thought that a limited number of primary cattle emigrated from the Korean peninsula around the second century and spread into Japan over a short period [13, 16] . However, it was recently reported that the Fh type was observed at a high frequency (63.2%) in the ITS2 region of Korean Fasciola flukes from Gangwon province [4] . The interpretation of this result is difficult, because the authors employed a direct sequencing method, which includes the risk of misreading. Nevertheless, the frequencies of nuclear ribosomal DNA types of Korean flukes from other geographical regions could be different from those observed in this study. Therefore, further studies examining flukes from other geographical regions of Korea are required for the accurate evaluation of the putative founder effect. This study revealed the conspicuously close genetic affiliation between Korean and Japanese aspermic Fasciola populations. However, the geographical origin of aspermic Fasciola flukes remains unclear. When we look around other Asian countries, a concatenated haplotype possessing the same nucleotide sequence as Kor2a/Kor2 haplotype was also detected in Vietnamese aspermic Fasciola flukes (NDI-Fg5/ COI-Fg4 haplotype) (Fig. 2) . Additionally, nad1 haplotypes of Chinese aspermic Fasciola flukes also possessed the nucleotide sequences identical to those of Korean aspermic Fasciola flukes, i.e., the nucleotide sequences of Fh-C4, Fg-C2, and Fg-C3 were identical to those of Kor1, Kor2a, and Kor2b, respectively ( Fig. 2A) . These findings indicated the continuity of Asian aspermic Fasciola populations. Therefore, further studies on genetic structures of Asian Fasciola populations would reveal the geographical origin of aspermic Fasciola flukes.
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